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Brief Communications

Dactl Is a Postsynaptic Protein Required for Dendrite,
Spine, and Excitatory Synapse Development in the

Mouse Forebrain
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Dactl (Dapper/Frodo), an intracellular phosphoprotein that binds Dishevelled, catenins, and other signaling proteins, is expressed in the
developing and mature mammalian CNS, but its function there is unknown. Dact1 colocalized with synaptic markers and partitioned to
postsynaptic fractions from cultured mouse forebrain neurons. Hippocampal neurons from DactI knock-out mice had simpler dendritic
arbors and fewer spines than hippocampal neurons from wild-type littermates. This correlated with reductions in excitatory synapses
and miniature EPSCs, whereas inhibitory synapses were not affected. Loss of Dact1 resulted in a decrease in activated Rac, and recom-
binant expression of either Dactl or constitutively active Rac, but not Rho or Cdc42, rescued dendrite and spine phenotypes in Dact1
mutant neurons. Our findings suggest that, during neuronal differentiation, Dact1 plays a critical role in a molecular pathway promoting
Rac activity underlying the elaboration of dendrites and the establishment of spines and excitatory synapses.

Introduction
Dendrite, dendritic spine, and synapse development rely on over-
lapping biochemical pathways (Kayser et al., 2008; Sala et al.,
2008; Urbanska et al., 2008). Dendrite and spine development
require neurite extension and remodeling through extensive
elaboration and alteration of the cytoskeleton; synapse develop-
ment similarly requires specialized cytoskeletal refinements.
Dendrite development involves adhesive interactions with neigh-
boring cells and the extracellular milieu; spine and synapse devel-
opment similarly require specialized cell adhesion and signaling,
with coordinated organization of presynaptic structures in the
axon and postsynaptic structures in the adjacent dendrite. Mo-
lecular mechanisms underlying dendrite, spine, and synapse de-
velopment are likely to contribute to the maintenance and
plasticity of these structures later in life (Dalva et al., 2007).
Dact (Dapper antagonist of catenin; Dapper/Frodo) genes en-
code a small family of vertebrate intracellular phosphoproteins
that regulate signaling through binding to both cytoplasmic and
nuclear partners. Family members are similar in size (600—850
aa/100-120 kDa) and are distinguished by a leucine zipper motif
near the N terminus and a PDZ-binding (postsynaptic density
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95/Discs large/zona occludens-1-binding) motif at the C termi-
nus, each embedded within larger conserved domains (Cheyette
et al.,, 2002; Fisher et al., 2006). In addition to modulating Wnt/
[B-catenin signaling through direct interactions with Dishevelled
proteins (Cheyette et al., 2002; Gloy et al., 2002), Dact1 has been
proposed to bind and stabilize p120-catenin, thereby promoting
B-catenin-independent signaling to the nucleus (Park et al.,
2006), to regulate transcription through direct binding to a sub-
class of the LEF/TCF (lymphoid enhancing factor/T cell factor)
family of DNA-binding proteins and to histone deacetylase (Hikasa
and Sokol, 2004; Gao et al., 2008), to functionally interact with the
cell division cycle kinase regulatory protein Dbf4 (Brott and Sokol,
2005), and to bind and regulate levels of the planar cell polarity
transmembrane protein Vangl2 (Suriben et al., 2009).

All three mammalian members of the Dact family (Dactl,
Dact2, and Dact3) are expressed in the nervous system (Fisher et
al., 2006), and Dactl in particular shows intriguingly regulated
and bilaterally asymmetric expression patterns in the developing
telencephalon (Sun et al., 2005; Long et al., 2009), leading us to
explore its function in differentiating neurons. Given the prepon-
derance of PDZ-binding interactions in developing dendritic
spines and synapses (Dalva et al., 2007), we were particularly
interested in exploring roles for Dactl in these neurodevelop-
mental events. Using custom-generated recombinant human
monoclonal antibodies, confocal microscopy, and subcellular
fractionation techniques, we found that Dactl colocalized with
synaptic markers and partitioned into postsynaptic fractions.
Taking advantage of gene targeted mice, we investigated require-
ments for Dactl in dendrite and synapse development. Cultured
hippocampal neurons (HCNs) derived from newborn Dactl /™
mice (mutants) had simpler dendritic arbors, fewer dendritic spines,
and fewer excitatory synapses than HCNs from wild-type litter-
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mates. Golgi—Cox staining revealed similarly reduced dendritic
spines in hippocampal pyramidal neurons of mature mice specif-
ically lacking Dactl in forebrain glutamatergic neurons (condi-
tional mutants). Recombinant expression of Dactl in cultured
Dact]~’~ HCNs partially restored dendrite complexity and fully
rescued spine numbers but induced morphological distortions
consistent with hyperactivation of the small GTPase Rac. Concor-
dantly, loss of Dact1 led to significant decrements in activated Rac, as
measured in hippocampal lysates from conditional mutants. Con-
versely, recombinant expression of constitutively active Rac, but not
other Rho family GTPases, rescued dendrite and spine phenotypes
in Dactl~’~ HCNSs. Our findings suggest that, within differentiating
mammalian forebrain neurons, Dactl contributes to dendrite,
spine, and excitatory synapse formation via a molecular pathway
that promotes Rac activity.

Materials and Methods
Recombinant DNA. Rac, Rho, and Cdc42 cDNAs in pCDNA3.1 (Invitrogen)
were obtained from the cDNA Resource Center. Phosphorylated enhanced
green fluorescent protein (EGFP)-C1 (Clontech) was cotransfected, except
for the Dactl ¢cDNA, in which a pCAGGS vector with an internal
ribosomal entry site 2-EGFP was used (Niwa et al., 1991; Fisher et al., 2006).
Primary culture. The primary culture was as described by Elia et al. (2006).
DactI antibody. Recombinant human monoclonal antibodies were ob-
tained by screening a synthetic naive library (Rothe et al., 2008) for recom-
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Dact1 is present at forebrain synapses. A-H, Immunocytochemistry, HCNs. 4, B, Anti-Dact1 in wild type (4) and
Dact1™/~ (B). C-H, Confocal microscopy. C—E, Anti-Dact1 versus synaptophysin. F—H, Anti-Dact1 versus PSD95; arrowheads
indicate postsynaptic sites. I, FLAG—Dact1 expressed in forebrain cortical neurons is enriched in postsynaptic fractions. H, Homog-
enate; P1, crude pellet; S2, supernatant; P2, crude synaptosomes; P3, S3', postsynaptic density and presynaptic fractions, respec-
tively. FLAG—Dact1 partitions with PSD95, including in P3 but not S3”. Scale bars: A, B, 30 m; C-H, 10 um.
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binant human F(ab’) fragments recognizing a
bacterially expressed and purified glutathione
S-transferase (GST) fusion corresponding to
the N terminus of mouse Dactl (amino acids
1-328). Antigen was immobilized on a Maxi-
Sorp microtiter plate, and three selection
rounds were performed. To eliminate pan-
Dact family antibodies, the library was
blocked with excess (25 wg/ml) GST fusion
proteins corresponding to mouse Dact2
(amino acids 146-273) and mouse Dact3 (amino
acids 175-308). Two clones, AbD06365 and
AbD06366 (AbD Serotec), gave indistinguish-
able staining patterns in HCNs but corre-
sponded to separate epitopes (XiaoYong
Yang and Benjamin N. R. Cheyette, unpub-
lished observation). Figure 1, A and B, was
obtained using AbD06365 in a bivalent mini-
antibody format containing a Myc and a 6 X
His tag, whereas Figure 1C—H was obtained
using AbD06366 in the same format.
Immunocytochemistry. After fixation, cells
were blocked for 1 h at room temperature
(blocking medium: 10% goat serum in PBS),
and then primary antibody was added: rabbit
anti-synaptophysin (1:200; Zymed), mouse
anti-postsynaptic density-95 (PSD95) (1:200;
Thermo Fisher Scientific), rabbit anti-vesicular
glutamate transporter 1 (VGlutl), rabbit anti-
vesicular GABA transporter (VGAT), and
mouse anti-gephyrin (all 1:200; Synaptic Sys-
tems). After three 5 min washes in PBT (PBS
plus 0.1% Triton X-100), fluorescent second-
ary antibodies (1:200; Alexa 405, Alexa 488, or
Alexa 568 anti-rabbit or anti-mouse antibod-
ies; Invitrogen) were applied in blocking me-
dium for 1 h at room temperature. After three 5
min washes (PBT), cells were washed with
deionized water and mounted in Mowiol
(Thermo Fisher Scientific). For Dactl, primary
antibodies were applied at 5 pug/ml and then
visualized with a goat anti-human F(ab’)2 con-
jugated to fluorescein or Texas Red (1:200)
(Jackson ImmunoResearch) or with biotinylated anti-His antibody (1:
200; AbD Serotec), followed by Texas Red—avidin (1:60; Vector Labora-
tories). Polymerized filamentous actin (F-actin) was visualized using
rhodamine-conjugated phalloidin (1:1000; Invitrogen) in PBS for 1 h at
room temperature, followed by three 5 min washes (PBT), one wash
(H,0), and then mounted in Mowiol (Thermo Fisher Scientific).
Visualization and quantitation. Cells were visualized on Nikon CS1i
upright spectral or Al upright confocal microscopes, and images were ana-
lyzed with NIH Image]J software and Sholl analysis plugin (Anirvan Ghosh,
University of California, San Diego, LaJolla, CA). Dendritic projections were
binned on the basis of their morphology as filopodia, thin spines, mushroom
spines, or stubs as described previously (Hering and Sheng, 2001).
Electrophysiology. Electrophysiology was as described by Lee et al. (2008).
Subcellular fractionation. Cortical neuronal cultures were prepared as
described previously (Cobos et al., 2007), transfected (10 d in vitro) with
FLAG-tagged Dactl, and homogenized (14 d in vitro). Crude synaptosomes
were prepared by serial centrifugation (Hell and Jahn, 1994) and separated
into presynaptic and postsynaptic fractions by Triton X-100 detergent ex-
traction and centrifugation as described previously (Garside et al., 2009).
Immunoblotting. Immunoblotting was performed as described previously
(Suriben et al., 2009) with the following: mouse a-, 3-, p120-, and 8-catenin
antibodies (1:200; BD Biosciences); rabbit anti-3-actin (1:1000; Santa Cruz
Biotechnology); rabbit anti-synaptophysin (Zymed); mouse anti-PSD95
(NeuroMAB, University of California, Davis, Davis, CA); and mouse anti-
FLAG (Sigma-Aldrich) (1:1500); and HRP-conjugated secondary antibod-
ies (1:8000; Thermo Fisher Scientific).
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Quantitative  reverse  transcription-PCR.
HCNs were lysed with Trizol, and mRNA was
isolated according to the instructions of the
manufacturer (Invitrogen). Equal amounts of
mRNA per sample were processed side by side:
c¢DNA was prepared and quantitative reverse
transcription (RT)-PCR was performed as de-
scribed previously (Fisher et al., 2006) using
primers for Fos, Fosl, (Abe and Takeichi,
2007), Axinl (Dao et al., 2007), and Axin2
(Suriben et al., 2009).

Rac activity. Hippocampi were dissected
from adult mice, homogenized, and analyzed
for GTP-bound activated Rac versus total Rac
by GST-4B-phorbol 12,13-dibutyrate (PDB)
affinity precipitation as described previously
(Habas and He, 2006).

Genetics. All Dactl alleles were derived from
Dact1"™*1B7¢ (Suriben et al., 2009). Cultured
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Golgi—Cox, the parental cross was Dactl e
Emx1 M@K+ 5 Dact "%, experimental
progeny were Dact "~ ;Emux1 T €Ki+ (con-
ditional mutant) versus Dact"* '+ (con-
trol). For Rac activity, the parental cross was
Dactlﬂox/+;me1 Tml(cre)Krj/+ X Dacﬂﬂox/ﬂox;
experimental progeny were Dactl*fo%;
Emx1Tm(eKi/+ (conditional mutant) versus
Dact1/"o¥M10% 1% o1 Dact1 ¥+ +/* (control).

Golgi—Cox staining. Golgi-Cox staining
was performed according to the instructions
of the manufacturer (FD GolgiStain kit; FD
NeuroTechnologies).

Statistics. All p values were calculated by un-
paired parametric two-tailed ¢ test (two com-
parisons) or one-way ANOVA (three or more
comparisons) using Prism software (GraphPad
Software).

Results

HCNs stained with Dactl-specific anti-
bodies displayed a punctate signal distribution in somata and
along neurites (Fig. 1A). This staining, which was absent from
Dactl~’~ HCNs (Fig. 1B), colocalized with synaptic markers,
including at punctate intensities of the excitatory postsynaptic
marker protein PSD95 likely to correspond to postsynaptic sites (Fig.
1C-H). Supporting a postsynaptic localization for Dact1, immuno-
blotting of subcellular fractions derived from forebrain cortical
cultures revealed that recombinantly expressed FLAG-Dact1 co-
partitioned with PSD95 in postsynaptic, as opposed to presynap-
tic, fractions (Fig. 11).

By visual inspection, Dact] mutant HCNs in culture had sim-
pler dendritic arbors and fewer dendritic spines than HCNs from
wild-type littermates (Fig. 2A, B). Spine density was rescued and
arbor complexity was partially rescued by recombinant expres-
sion of Dactl in mutant neurons (Fig. 2C). Quantitation using

control

Figure 2.

significant.

control mutant

Dact1 mutant neurons have simpler dendritic arbors, fewer spines, and more filopodia; phenotypes rescued by
recombinant Dact1. A-C, HCNs transfected with EGFP. Arrowheads indicate axons (a). D, Sholl analysis. E, Spines per 10 wm
dendrite length. F, Proportion of filopodia to total spines. G-L, Golgi—Cox stain. Hippocampal pyramidal neurons from Dact1
conditional mutant animals have fewer, smaller dendritic spines. Apical: G, control; H, conditional mutant. Secondary: /, control; J,
conditional mutant. Scale bars: A-C, 30 wm; A’=C’, 10 um; G=J, 20 m. *p < 0.05, **p < 0.01, ***p < 0.001; n.s., Not

Sholl analysis showed that mutant HCNs had reductions in den-
drite branch crossings at all distances from the soma (Fig. 2D).
Dendritic spines were also affected (Fig. 2, compare A’, B'): the
number of spines per 10 wm of dendrite length was highly signif-
icantly reduced in mutant HCNs (Dactl *'*, 2.79 + 0.13 vs
Dactl™"~, 2.00 = 0.15, p = 0.0021) (Fig. 2E). In addition to a
decrease in spine number, mutant HCNs showed a significant
increase in the proportion of immature filopodial “spines” rela-
tive to mature spines (thin spines, mushroom spines, and stubs)
(Dact1*'*, 0.13 £ 0.02 vs Dactl ', 0.35 * 0.05, p = 0.0036)
(Fig. 2F). Mutant HCNs recombinantly expressing Dactl
(Dactl-rescued) produced a large number of short dendrites
(Fig. 2C,D); interestingly, the density of dendritic spines and pro-
portion of mature spines were both restored to wild-type levels in
Dactl-rescued HCNs (spines per 10 wm in wild type, 2.79 = 0.13
vs Dactl-rescued, 2.83 * 0.15, p = 0.86; filopodia/total spines
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density per 10 wm on apical dendrites
(control, 2.0 = 0.4 vs conditional mutant,
1.0 £0.2,p = 0.014), as well as on second-
ary dendrites (control, 4.1 * 0.2 vs condi-
tional mutant, 2.6 = 0.2, p = 0.0044) (Fig.
2G-J). Neurons in conditional mutant
brains also showed highly significant de-
creases in spine length (control, 3.2 = 0.2

M

3

puncta per 10 microns

i

pm vs conditional mutant, 1.62 * 0.06
pm, p < 0.0001) and in spine head width
(control, 1.8 = 0.1 wm vs conditional mu-
tant, 1.14 = 0.03 wm, p < 0.0001). To-
gether with the data from dissociated
HCNs, these histological data demon-
strate that Dactl plays a critical role dur-
ing dendrite and spine development in the
mouse hippocampus.

Excitatory synapses in mutant HCNs
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Figure 3.

(top) versus Dact/~ (bottom). J, mEPSC numbers are reduced in Dact™/~

fected. Scale bar, 10 wm. *p < 0.05, **p < 0.01, ***p < 0.001; n.s., Not significant.

in Dact1 ™", 0.13 % 0.03 vs Dactl-rescued, 0.24 * 0.04, p =
0.085) (Fig. 2C',E,F). To summarize, cultured HCNs lacking
Dactl displayed significant decreases in dendrite complexity,
spine numbers, and morphological indices of spine maturation;
phenotypes that were all rescued or partially rescued by recom-
binant restoration of Dactl.

Mice with constitutive loss of Dact1 generally die within a day
of birth as a result of complex urogenital and gastrointestinal
malformations (Suriben et al., 2009). To test whether phenotypic
alterations observed in dissociated HCNs correspond to crucial
functions of Dactl in the mammalian forebrain, we took advan-
tage of Cre—loxP technology to selectively eliminate Dactl from
glutamatergic neurons in the cerebral cortex and hippocampus
during development (Gorski et al., 2002). As assessed by Nissl
stain, the cellular organization and regional anatomy of brains from
such conditional mutant mice was indistinguishable from wild type
(data not shown). To test the hypothesis that loss of Dact1 has spe-
cific developmental consequences on neurite complexity in these
animals, we performed Golgi—Cox staining on brains taken from
adult (9-10 week old) mice, analyzing pyramidal neurons in the
CA1 region of the hippocampus. CA1 hippocampal neurons in
conditional mutant brains showed a significant decrease in spine

Dact1 mutant neurons have fewer excitatory synapses; inhibitory synapses are spared. A—/, Inmunocytochemistry,
dendrites. A, B, VGlut1: A, wild type; B, Dact1~/~.A’,B’,PSD95: A’, wild type; B', Dact1~/~. A", B", Colocalization. There are
fewer excitatory synapse puncta (arrowheads) on mutant neurites. €, Quantitation. D, E, VGAT: D, wild type; E, Dact1 ™/~ . D', F’,
Gephyrin: D', wild type; ', Dact1™/~. D", E", Colocalization. Inhibitory synapse puncta (arrowheads) appear no different on
mutant neurites. F, Quantitation. G, H, Phalloidin (actin). Compared with wild type (G), the intensity, size, and number of puncta
(arrowheads) are diminished in Dact? ™/~ neurites (H). I-K, Electrophysiology. /, Representative trace of mEPSCs in wild type
relative to controls. K, mEPSC amplitude is unaf-

as assessed by puncta visualized with anti-
bodies specific for VGlutl (an excitatory
presynaptic marker) and PSD95 (an exci-
tatory postsynaptic marker) were signifi-
cantly reduced when compared with those
in HCNs derived from wild-type litter-
mates (puncta per 10 wm in Dactl ™™,
2.4 * 0.3 vs Dactl ', 1.57 * 0.14, p <
0.0073) (Fig. 3A—C). However, inhibitory
synapses, as assessed by puncta visualized
with antibodies specific for VGAT (pre-
synaptic inhibitory marker) and gephyrin
(postsynaptic inhibitory marker), were
unchanged in mutant HCN's (puncta per
10 um in Dactl 7", 23 + 02 vs
Dactl™’~,2.2 + 0.2, p = 0.67) (Fig. 3D-
F). Consistent with the loss of mature
spines and associated excitatory synapses,
F-actin puncta, found in mature spine
heads, were reduced in both intensity and
number in mutant HCNs relative to wild
type (puncta per 10 wm in Dactl ™™,
3.5 * 0.2 vs Dactl ', 2.56 + 0.15, p =
0.0005) (Fig. 3G,H). Electrophysiological analysis of mutant
HCNs confirmed a deficit in excitatory synapses in these neurons
(Fig. 3I). The frequency of miniature EPSCs (mEPSCs) was
highly significantly reduced in mutant HCNs compared with ei-
ther wild-type or heterozygous HCNs (mEPSCs per minute in
Dact1 *'*,220 # 30 vs Dact1*’~, 200 *+ 20 vs Dactl /=, 75 * 15,
p < 0.001) (Fig. 3]), but the amplitude of mEPSCs was normal
(Dactl *'*,23 = 2 pAvs Dactl™’~,20 = 1 pAvs Dactl ’~,24 +
2 pA, p = 0.26) (Fig. 3K). In summary, the molecular marker and
electrophysiological data demonstrated a marked reduction in
numbers of excitatory synapses in mutant HCNs, whereas inhib-
itory synapses were spared.

There is evidence that Dactl homologs can form complexes
with and regulate levels of catenin proteins, particularly p120-
catenin, which has established roles at synapses (Elia et al., 2006;
Park et al., 2006). We accordingly examined levels of p120-
catenin (Ctnndl) and the related 8-catenin (Ctnnd2) protein in
mutant HCNs. Western blot revealed no detectable differences in
levels of these 6-catenin family members, nor in total levels of
either the a-catenin or B-catenin proteins in mutant compared
with wild-type HCNs (Fig. 4A). This was surprising because in
other contexts Dact proteins have been proposed to modulate the

geph VGAT
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Figure 4.  Dact7 mutant neural phenotypes reflect hypoactive Rac. 4, B, D, E, Cultured HCNs; €, hippocampal lysates. Catenin subfamily levels are unchanged (A), as are nuclear B-catenin

transcriptional target levels (B). €, Control animals (lanes 1-3) have comparable levels of activated Rac (top, precipitation with GST-PDB; bottom, lysate); conditional mutants (lanes 4 —5) have a
significant decrease. D, Dact1 mutant hyperfilopodial phenotypes are rescued by RacCA but not by Cdc42CA, RhoCA, of dominant-negative Rac (RacDN), Cdc42 (Cdc42DN), or Rho (RhoDN).
E, Recombinant expression of Dact1 or RacCA rescues spine subtype distribution. *p << 0.05, **p << 0.01; n.s., Not significant. All p values in D and E are relative to wild type and when not indicated

are not significant.

Wnt/B-catenin signaling pathway, which controls target gene
transcription by regulating nuclear 3-catenin levels (Cheyette et
al., 2002; Gloy et al., 2002; Jiang et al., 2008; Lagathu et al., 2009).
Nonetheless, using quantitative RT-PCR, we could detect no sig-
nificant or consistent differences between mutant and wild-type
HCNs in basal levels of established neuronal B-catenin transcrip-
tional target mRNAs, including Fos, Fosl, Axin1, and Axin2 (per-
centage of the wild-type average: for Fos, Dactl */*, 100 = 13 vs
Dactl™’~, 88 = 22, p = 0.65; for Fosl, Dact1 ™", 100 = 33
vs Dactl /~,89 = 19, p = 0.77; for Axin1, Dact1 */*,100 = 12 vs
Dactl ™7, 114 = 15, p = 0.47; for Axin2, Dact1 *'*, 100 = 28 vs
Dactl™’~, 87 = 38, p = 0.80) (Fig. 4B).

Neurons and other cell types transfected with exogenous
Dactl undergo a dramatic alteration in cell morphology, forming
aberrant lamellopodial and filopodial structures that stain
strongly for actin (data not shown). This is reminiscent of actin-
based morphological changes observed in cells that have under-
gone hyperactivation of the small GTPase Rac (Nakayama et al.,
2000; Tashiro et al., 2000). Coexpression of dominant-negative
mutant Rac blocks morphological changes in non-neuronal im-
mortalized cells overexpressing Dactl (data not shown), further
suggesting that Dactl overexpression acts via Rac to produce
these changes. Conversely, the observed increase in filopodia rel-
ative to mature spines in Dact] '~ HCNs is consistent with re-
ductions in Rac activity (Tashiro and Yuste, 2004). On this basis,
we hypothesized that endogenous Dactl participates in activa-
tion of Rac and that Rac hypoactivation underlies spine matura-
tion phenotypes in Dactl /" neurons. To test this hypothesis,
we measured GTP-bound (activated) Rac normalized to total
Rac in hippocampal lysates from adult mice in conditional
mutant and control littermates. Lysates from conditional mu-
tant hippocampi had significantly less activated Rac than control

littermates (arbitrary units normalized to total Rac in control, 12.2 *
1.1 vs conditional mutant, 3.9 = 3.9 arbitrary units normalized to
total Rac, p = 0.027) (Fig. 4C). We also examined mutant HCNs
transfected with dominant-negative or constitutively active mu-
tant forms of all three members of the Rho GTPase family (RhoA,
Racl, and Cdc42) and assessed the ability of these proteins to
rescue Dactl '~ phenotypes, using Dactl-rescued HCNs as a
positive control. Expression of either Dactl or constitutively
active Racl (RacCA) rescued the mutant hyper-filopodial pheno-
type, such that the proportion of filopodia was restored to wild-
type levels in both these conditions (Dact1 *'*, 0.14 = 0.03 vs
Dactl™’~,0.35 = 0.05, p = 0.0036; Dact] "'" vs Dactl-rescued,
0.24 * 0.03, p = 0.11; Dactl ™" vs RacCA-rescued, 0.16 * 0.02,
p = 0.56) (Fig. 4D). In contrast, expression of constitutively ac-
tive versions of Cdc42 and RhoA or dominant-negative versions
of Racl, Cdc42, and RhoA did not rescue this phenotype (Fig.
4 D). Impressively, expression of either Dactl or RacCA in mu-
tant HCNs also normalized the distribution of mature spine types
(thin spines, mushroom spines, and stubs), although a difference
from wild type in the proportion of mushroom spines remained
barely significant in mutant HCNs transfected with RacCA
(Dact1*'*, 0.54 * 0.05 vs RacCA-rescued, 0.39 = 0.04, p =
0.047) (Fig. 4E). Together, our analyses indicate that the neural
differentiation phenotypes we have characterized in Dact] mu-
tants are mediated substantially, if not exclusively, via down-
stream reductions in Rac activity.

Discussion

Loss of Dactl in mammalian hippocampal neurons leads to de-
creases in dendrite complexity, excitatory synapse markers, and
excitatory synaptic activity, without similar losses in inhibitory
synapse markers. The effect of Dactl loss on excitatory synapses
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correlates with aloss of dendritic spines, which are the subcellular
site specific to excitatory synapses in pyramidal neurons. This
suggests that loss of Dactl impairs dendrite and spine forma-
tion and may have only secondary effects on excitatory syn-
apse numbers. Nonetheless, we cannot rule out a separate
requirement for Dactl within excitatory synapses themselves
(reflecting a role, for example, in adhesive and cytoskeletal
interactions at the postsynaptic terminal), particularly be-
cause we have shown that Dactl is present at the synapse and
because developmental relationships between spine and syn-
apse formation are only beginning to be resolved (Kayser et al.,
2008; Zito et al., 2009).

Our results suggest that a major function of Dactl in differ-
entiating neurons is to promote Rac-dependent actin rearrange-
ments necessary for dendrite and spine formation. This might
occur through regulation of levels of a catenin protein, such as
p120-catenin, that in turn regulates Rac activity (Elia et al., 2006;
Park et al., 2006). Against this, in Dact] '~ HCNs, we have been
unable to detect differences in levels of pl20-catenin or
§-catenin, nor in members of the a-catenin and -catenin sub-
families. It remains possible that loss of Dactl affects a small
pool of signaling (e.g., soluble cytoplasmic or nuclear) catenin
within neurons or more specifically in spine heads or excita-
tory synapses, but we have detected no differences in the sub-
class of catenin most clearly established to be involved in
signaling ([3-catenin) nor in (3-catenin transcriptional targets in
neuronal lysates. Dactl contains a PDZ-binding motif implicated
in functions of synaptically localized adhesion molecules (Dalva
etal., 2007), it binds to nuclear proteins that can alter gene activ-
ity through direct chromatin interactions (Hikasa and Sokol,
2004; Gao et al., 2008), and its non-catenin partners Dishevelled
and Vangl2 have each been independently implicated in Rac reg-
ulation (Rosso et al., 2005; Lindqvist et al., 2010). This suggests
that Dactl may be part of a dendrite, spine, and synapse differ-
entiation pathway that includes transmembrane, cytoplasmic,
and nuclear effectors. In future studies, we will identify other
components of this emerging pathway and determine whether it
is activated downstream of synaptically localized cell adhesion or
secreted signaling molecules.

We have shown that Dactl plays an important role during
dendrite and spine formation in neurons of the mammalian fore-
brain by promoting activation of Rac. Other Dact family mem-
bers are also expressed in neurons (Fisher et al., 2006) and are
present at synapses (Trinidad et al., 2008) yet have been shown to
bind and regulate distinct sets of signaling proteins (Su et al.,
2007). Through such divergent pathway functions, coexpressed
Dact family members may play complementary nonredundant
roles in creating and maintaining the highly polarized morphol-
ogy and synaptic contacts of mammalian neurons.
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